Ultraviolet light photosensitivity in Ge-doped silica fibers: wavelength dependence of the light-induced index change. by Albert, J. (Jacques) et al.
September 1, 1990 / Vol. 15, No. 17 / OPTICS LETTERS 953
Ultraviolet light photosensitivity in Ge-doped silica fibers:
wavelength dependence of the light-induced index change
B. Malo, K. A. Vineberg, F. Bilodeau, J. Albert, D. C. Johnson, and K. 0. Hill
Communications Research Center, P.O. Box 11490, Station H, Ottawa, Ontario, Canada K2H 8S2
Received March 19, 1990; accepted June 6, 1990
A novel technique is reported for detecting permanent and transient light-induced refractive-index changes
(photosensitivity) in optical fibers. The index change is detected by irradiating one arm of an unbalanced Mach-
Zehnder fiber interferometer with UV light, thereby changing its optical path length. From a measurement of the
change in the spectral response of the Mach-Zehnder interferometer, the change in the fiber core index as a function
of wavelength can be determined. The equilibrium change in the core index is found to have an almost constant
value of approximately 2.3 X 10-5 over the measured wavelength range of 700 to 1400 nm.
Photosensitivity in optical fibers was first observed in
Ge-doped-core silica fibers by forming a standing
wave in the core of an optical fiber.1 More recently, it
was demonstrated that gratings can be written exter-
nally by exposing such fibers to UV radiation through
the side.2 Hand et al. 3 have measured the photosensi-
tive response of Ge-doped fibers to 488- and 266-nm
radiation at 633-, 488-, 784-, and 1550-nm laser lines.
In this Letter the application of an unbalanced Mach-
Zehnder fiber interferometer to the measurement of
the 249-nm light-induced refractive-index changes in
Ge-doped-core fibers is reported over a wide spectral
range, using a white-light source. The exposure of one
of the arms of a Mach-Zehnder interferometer to UV
light shifts the characteristic sinusoidal wavelength
response of the interferometer either to shorter or
longer wavelengths. From a measurement of this
wavelength shift, the magnitude and the polarity of
the refractive-index change in the fiber core can be
deduced.
Figure 1 depicts the experimental setup, which com-
prise a fiber Mach-Zehnder interferometer (M-Z), a
UV light source, and an apparatus to measure the
spectral response of the Mach-Zehnder interferome-
ter. The Mach-Zehnder interferometer is fabricated
from dissimilar fibers as described previously4 by us-
ing Corning telecommunication fiber (core radius 4
Atm, cutoff wavelength 1.1 gm, estimated GeO2 frac-
tion 2.55 mol %) and Corning sensor fiber (core radius
2.25 ,um, cutoff wavelength 0.75 Am, estimated GeO2
fraction 3.65 mol %). The fabrication process requires
the prepulling of the telecommunication fiber before
the dissimilar fibers are fused to form the fused cou-
plers. Thus the Mach-Zehnder interferometer arm
formed from the telecommunication fiber has a core
size of only 7.2 Am compared with a core size of 8 gum
for a standard fiber. The length of the Mach-Zehnder
interferometer is -5 cm between the centers of the two
fused couplers. The dissimilar-fiber Mach-Zehnder
interferometer has the property that at a wavelength
of 1500 nm the optical path difference is almost zero,
and, consequently, no difference in the optical phase
results between light waves propagating by the two
routes through the interferometer. Thus the interfer-
ometer is said to be balanced. At 700 nm the interfer-
ometer is unbalanced, which results in a phase differ-
ence of -1007r. The larger optical path length is the
light path through the sensor fiber arm. It is impor-
tant to fabricate a Mach-Zehnder interferometer with
the appropriate degree of unbalance. If the unbal-
ance is too small, the spectral response is too flat to
detect wavelength shifts easily. If the unbalance is
too large, the coupling ratio changes so rapidly with
wavelength that it is hard to determine unambiguous-
Fig. 1. Experimental setup. On the left is a magnification
of the Mach-Zehnder fiber interferometer.
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2. Coupling ratio of Mach-Zehnder interferometer as The experiment yields the coupling ratio of the
ction of wavelength. The solid and dashed curves are, Mach-Zehnder interferometer in the wavelength re-
ectively, the coupling ratio before and after exposure to gion of 700-1400 nm before and after irradiation of oneight. of the interferometer arms by UV light. The change
in the Mach-Zehnder interferometer spectral re-
sponse is caused by UV light-induced change in the
ow the response has shifted. The Mach-Zehnder optical path length and thus the optical phase of light
rferometer fabricated here has an unbalance that propagating through the irradiated arm. The change)propriate for carrying out measurements in the in optical phase is readily determined from the experi-
-1400-nm wavelength range. mental data by using the fact that a change in the
the experiment, a UV light pulse from a Lumon- coupling ratio from 0% to 100% corresponds to an
Series TE-260-2 excimer laser is impinged upon optical phase change of 7r. Thus the measured change
arm of the dissimilar-fiber Mach-Zehnder inter- in the coupling ratio at selected wavelengths in the
neter. The UV light beam has a wavelength of experimental data can be converted into a correspond-
im, a pulse length of 8 nsec, an energy per pulse of ing optical phase change as a function of wavelength.
nJ, a peak power of 30 MW, and a cross section of Note that this procedure can be applied even if the
L X 0.7 cm. To control the region of the Mach- interferometer wavelength response curve does not
ider interferometer that is irradiated by UV light, have 100% modulation. In the wavelength region of
nterferometer is masked by a slit with a 50 Am X interest, it is necessary to determine only the local
m opening. The opening is sufficiently narrow to modulation depth that corresponds to a optical phase
ict the irradiation by UV light to only one of the change of 7r.
interterometer arms. A white-light source (W.L.S.)
and an optical spectrum analayzer (O.S.A.) are used to
measure the transmission of the Mach-Zehnder inter-
ferometer as a function of wavelength. From a mea-
surement of the Mach-Zehnder transmission through
both fiber output ports of the interferometer, the cou-
pling ratio as a function of wavelength can be deter-
mined.
The experiment consists of measuring the wave-
length dependence of the coupling ratio of the Mach-
Zehnder interferometer before exposure and after ex-
posure of one of the interferometer arms. It is found
that in the case of the telecommunication fiber, UV
irradiation causes the peaks in the spectral response of
the interferometer to shift to shorter wavelengths.
This case is shown in Fig. 2. If the sensor fiber is
irradiated, the opposite effect occurs, and the spectral
response shifts to longer wavelengths. A further ob-
servation is that the magnitude of the initial shift in
the wavelength response is not constant but decreases
in time. The spectral response of the Mach-Zehnder
interferometer eventually reaches with time a station-
ary equilibrium value in which its wavelength re-
sponse is permanently shifted from that of the unex-
posed fiber. It takes approximately 3 h after exposure
for the telecommunication fiber to equilibrate, where-
as the sensor fiber equilibrates in only 0.5 h. A final
observation is that the rapid irradiation of the fiber by
more that one light pulse generates a larger initial
Once the optical phase change is determined, the
change in refractive index of the fiber core is calculat-
ed as follows. The change in optical path length can
originate from a change in the refractive index of the
glass and/or a change in the physical length of the
optical path. We attribute the change in optical path
solely to a change in the core index of the optical fiber
in the irradiated region of the interferometer arm.
This assumption is consistent with previous observa-
tions of light-induced index changes in Ge-doped opti-
cal fibers.", 2
The light is assumed to be propagating in the HE,,
mode of the optical fiber with a propagation constant
fi. Irradiation of the fiber changes the core index and
thus changes concomitantly the propagation constant
for the HE,, fiber mode and the optical phase of light
propagating through the irradiated arm of the Mach-
Zehnder interferometer. If Al, is the change in the
propagation constant, and L is the irradiated length,
the optical phase change is simply A3L. The change
in the propagation constant Ad is related to the change
in refractive index An of the fiber core by using a
standard perturbation approach described by Snyder
and Love.5 According to Ref. 5, Afl = KflAfn, where X is
the fraction of the light power in the HE,, mode con-
tained in the fiber core and K is the Uw/N1 The quanti-
ty rn has been calculated previously as a function of the
normalized frequency for step-index fibers (see p. 323
of Ref. 5) and thus can be determined for the particu-
11
0
I.-I
I-
Cc,
I-
0U
Fig. 
a fun
respE
UV 1
ly h(
inte]
is an
700-
In
ics '
one
feroi
249 i
240 1
3 cn
Zehr
the i
0.7c:
restr
I
I
I
I
September 1, 1990 / Vol. 15, No. 17 / OPTICS LETTERS 955
1200 1300 1400 1500
WRVELENGTH (nm)
Fig. 3. Plot of the induced index change as a function of
wavelength.
lar fibers used in our experiments.
The shifts in the peaks of the spectral responses of
the Mach-Zehnder interferometer to shorter wave-
lengths in the case of an irradiated telecommunication
fiber and to longer wavelengths in the case of the
sensor fiber indicate that the optical path length of the
irradiated arm is increased. Thus the UV light in-
duces an increase in the refractive index of the fiber
core.
The change in fiber core refractive index for the
wavelength range of 700-1400 nm is shown in Fig. 3 for
the case of an irradiated telecommunication fiber. A
similar index change is observed when the sensor fiber
is irradiated. At 700 nm the index change is approxi-
mately 2.3 X 10-5 and is practically constant as a
function of wavelength. The index change of 2.3 X
10-5 measured here is similar to the 3 X 10-5 reported
by Meltz et al.2 The solid line in Fig. 3 is a linear
least-squares fit to the data and has a slight slope,
indicating that the refractive-index change may be
slightly larger at longer wavelengths.
The physical origin of the UV light-induced refrac-
tive index change in Ge-doped optical fibers is not yet
understood. A possible explanation 2'3 is that the ab-
sorption of UV light in the Ge-doped silica fibers cre-
ates Ge color centers. A change in the UV absorption
of the Ge-doped glass leads, through the Kramers-
Kronig relation, to a change in the refractive index.
By knowing the resonant wavelengths at which the
absorption by the color centers occurs, the change in
refractive index far off the resonance can be calculated
by using a three-term differential Sellmeier expres-
sion.3 This model predicts that the index change due
to irradiation is approximately 1% smaller at 1400 nm
than at 700 nm, which, strictly speaking, is inconsis-
tent with our measurements. The two data points in
Fig. 3 at 1380 and 1420 nm are somewhat suspect
(because of much reduced signal-to-noise ratio in the
data in this spectral region) and make the slope posi-
tive rather than negative. To reduce the uncertainty
in the data, an interferometer specifically designed for
measurements in this spectral region is required.
A new technique for detecting UV light-induced
refractive-index changes in optical fibers is reported.
The technique permits the measurement of the dis-
persion in the photoinduced index change. In the
case of our UV irradiated Ge-doped silica fibers, a
change in refractive index of 2.3 X 10-5 at 700 nm is
observed, which increases slightly with wavelength in
the spectral region to 1400 nm. Our experimental
results are not critically inconsistent with the slight
drop toward long wavelengths of the index change
predicted by models based on Sellmeier's dispersion
formula.
The dissimilar-fiber Mach-Zehnder interferometer
described in this Letter may also have application in
the investigation of the effects of ionizing radiation,
such as gamma rays and neutrons, on optical fibers.
This device provides a means of detecting changes in
the fiber refractive index. Normally the effect of the
ionizing radiation on an optical fiber is detected
through changes in the optical attenuation. Finally,
we note that Mach-Zehnder interferometers that are
used as wavelength filters or multiplexers in optical
communication systems4 can be tuned by exposing one
of the fiber interferometer arms to UV light in order to
give a maximum (or a minimum) output at a desired
wavelength.
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